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Following launch on 10 August 1992 TOPEX/Poscidonbeganand continues a very successful global
study of the earth’s ocean circulation using a combination of deal-frequency radar atimetry and precision
orbit determination (POD). The POD results have been utilized to accurately reconstruct the operational
orbitin terms of precise classicd mean elements. This paper describes the method used to compute mean
elements and explains the observed behavior of semimajor axis, inclination, and tbc frozen eccentricity
vector over the three-year primary mission li fetime, while alsoidentifying the major perturbing forces
affecting their variations. Also described arethe effects of these orbital variationson the stringent 4 1-km

nodal crossing control of the |O-day repeat ground track.

Introduction

The TOPEX/Poscidon mission, a joint project of NASA and the French Space Agency CNES (Centre
National d'Ftudes Spatiales), has recently completed its' three-year primary mission and has now begun a
[hree.year cxtended mission phase. Precision orbit determination (POD) performed by the NASA Goddard
Space Flight Center (GSFC) using laser ranging measureiaents and data acquired by the CNES tracking
system (DORIS, Doppler Orbitography and Radiopositioning Integrated by Satellite) defines radial position
relative to the geocenter to an unprecedented accuracy of --4 cmrms.! Definitive ephemerides from the
POD process have been used to reconstruct the operational orbit history in terms of precise classical mean
clements. This paper describes the method used to compute mean elements, establishes the.ir accuracies,

and identifies the major pertutbing forces affecting their variations and the 1()-day repeat ground track.

The research described in this paper was carried out by the Jer Propulsion Laboratory, California Institute of Technology,
under contract with the National Aeronautics and Space Admini stration.

Technical Manager
Member of Technical Staff

Software System Engineer

{ AAS Paper 95-366, K. B. Frauenholz
JPL., 4800 Oak Grove Dr.,

MS 264-355, (818) 354-7714

Pasadena, CA. 91109-8099



Operational Orbit

Larly ‘1'0P13X/Poseidon mission and orhit design investigations by Frautnick and Cutting* identified
the need for accurate control of an cxactly repeating satcllite ground track to meet science objectives.
Farless’ later defined adetailed orbit design space from which the operational orbit was ultimately selected.
The reference orbit provides an exact repeat ground [rink covering 12.-/ orbits over 10 sidereal days, phased
to also overfly two verification sites to facilitate altimeter calibration activitics during the first six months.

‘[’able 1, Reference Mean Elements and Orbit Determination Requirements for the Operational Orbit

Orbital Parameters . Reference Val ues_ . 36 Orbit Determination Requirements
‘Semimajor AXiSa, (km) 7714 42938 1 meter
Inclination i, (deg) 66.0408 0.1 mdeg
Eccentricity e, (ppm) 95 5 ppm
Argument of Periapse @, (deg) 920 20 deg

The reference mean elements presented in ~'able 1 provide a near -circular frozen orbit at a rncan
altitude of -1336 km and an orbital period of-1 1'2 min. Usc of afrozen orbit restricts the variation in orbit
cceentricity and argument of periapse to limit satetli[c altitude variability for enhanced altimetry
perforinance, while also eliminating the need for dedicated mancuvers to control these parameters. The
semimajor axis a, and inclination i, define a reference ground track with alo-day repeat cycle and precise
overflight of the altimeter verification sites. This design process requires a 2.0x20 gravity field to provide a
frozen orbit, defined by the mean eccentricity e, and argument of periapse o, values listed in Table 1.

Periodic orbit maintenance mancuvers (OMMs) adjust the mean semimajor axis to keep the ground
track within21km of the repeating reference track in the presence of al perturbations, while aso ensuring
that other orbital parameters remain within required limits. Maintaining ¢ <0.001 provides desired orbital
atitude control; usc of a frozcn orbit assures the mean eccentricity remains an order of magnitude smaller
without dedicated maneuvers. inclination variations of ~3mdeg about the reference mean value i, assures
required ground track control without the need for inclination corrections. Effective ground track control

requires an accurate method of computing these rncan orbital parameters.
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Mean orbital Elements

The osculating-to-mean clement conversion technique must be consistent with the stringent 2 1 -km
ground track control requirements. Guinn’s conversion method* allows removal of all central body zonal,
sectorial, and tesseral harmonics, second-order 2 and third-body perturbations acting over a specified lime
inter-val. Usually, longitude-dcpendeml gravity terms lead 1o periodic effects which average to near-z.cro
over aday. However, such cancellation dots not result when the satellite motion isncarl y commensurate
with ecarth rotation as occurs when the satellite orbit repeats relative to the rotating earth. Instead,
resonances arise when the satellite compietes B noda periods while the carth rotates a times relative to the
precessing Satellite orbit plane. The TOPEX/Poseidon ground track repeats every 127 orbits over -10 days,
S0 /o= 127/1 O. Gravity terms that arc near-mulliplcs of this f/« ratio contribute secular forces. The first-
and second-order near-rcsonan| terms arc included in truncated 13X 13 and 26x26 gravity ficlds. The
importance of these near-resonant terms to osculatir]g-to-mean element conversion depends on the specific
accuracy requirements.

Scmimajor axis accuracy is of primary importance to effective ground track control. The required
detenmination accuracy of onc meter (36) is provided by the GSFC Flight Dynamics Facility (FDF) using
one-way Doppler acquired viathe NASA ‘Tracking and Data Relay Satellite System (TDRSS).* The 3o
accuracy requirements place.d on the FDF for determination of eccentricity e, inclination i, and argument of
periapse o arc listed in Table 1.

¥Fig. 1 describes the osculating-to-mean clement conversion accuracy as a function of gravity field
size while removing al periodic gravitational perturbations acting over 10 days, the duration of onc ground
track repeat cycle. Accuracy is measured relativeto a “truth” gravity model, defined from a 26x26
truncation of the 70x70 JGM?2 model obtained by post-launch POD.! Usc of this truth mode] includes the
effects of second-order resonances. The semimajor axis requires a20x20 gravity field to reduce mean
element computational errors to a negligible level, whercas the other orbital parameters achieve satisfactory
accuracy using smaller gravity fields (Fig. Ib).

To measure long-term stability characteristics of the osculating -to -mean clement conversion process,
mean clements were computed frequently over 20 days to define the envelope of variation. The mean

semimajor axis was examined every 28 min (about onc quarter orbit period) using the POD e¢phemerides
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(POEs) from 3 to 23 March 1994 (repeal cycles 54 and 55). Fig, ?. compares the mean semimajor axis
values obtained using 2x2, | OX 10, 13x 13, 17x 17, and 20x20 gravity field sizes with values obtained from
the 26x26 “truth” mode]. Thedifferences of each case from the truth are consistently unbiased across the
20-day comparison interval with a periodicity like that of the 10-day ground track repeat cycle. Fig. 2(Q)
compares the osculating semimajor axis with the mean values obtained by removing earth oblateness
present in the 2x2 gravity terims. The osculating values vary +7.2 km about the truth mean, whereas the
amplitude of this variation reduces [0 180 meters by removing oblatencss. Removing perturbations of the
10x 10 gravity field reduces the amplitude to +3.6 meters. The amplitude of the computational errors drops
to 1130 cm by removal of the first-order resonances present in the 13x13 gravity field, The error envelope
reduces further to 433 cm by increasing the gravity field to 17x17, and to a negligibly small 4+ 1 cm using the
20x20 gravity ficld.

The results presented in Figs. 1 and 2 indicate removal of al perturbations present in a 20x20 gravity
field acting over 10 days provide stable values of the mean semimajor axis. Fig. 3 summarizes the effects
of removing these perturbations over pcriods lessthan 10 days. inFig. 3(a), removal of perturbations
acting over just onc orbital period (-- 112 min) results in mean semimajor axis computational efrors of 43
meters.  Removal of these perturbations over one, three, and five days shown in Fig. 3(b) reducces these
errors to 420 cm, +10 cm, and to identically zero, respectively. Further review of the osculating semimajor
axis presented in Fig. 1 reveals two sinusoidal [rends, each with alo-day period, but out of phase by 180
deg. This behavior allows mean scmimajor axis for this orbit to be accurately detenmined by removing
central and third-body perturbations with periods that arc any multiple of five days. For convenience, 10
days has been selected to synchronize with the ground track repreat frequency.

The individual effects of lunar and solar gravity on the computational accuracy of mecan semimajor
axisarc presented in Fig. 4. The reference for comparison is computed by removing central (20X20) and
third-body gravitational perturbations acting over 10 days. Ignoring the third-body perturbations results in
mean scmimajor axis errors as large as+ 150 cm for the interval shown.  However, these comparisons

indicate that lunar gravity is by far the dominant force.
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Based on the foregoing analyses, mean orbital clements for 77 OPI;X/Poseidon arc computed by
removing all central and third-body perturbations acting over 10 days. Usc of a 20x20 gravity field
providesthe one-sigma mean clement computational accuracies listed in “1'able 2.

Table 2. Mean Orbital Element Computational Accuracies

Orbital Parameters . Reference Values A ]O'COxnpumUonal Accuracies
T Semimajor Axisa, (km) a4 13cm
Inclination i, (deg) 66.0408 0.5 mdeg
Eccentricity e, (ppm) 95 7 ppm
Argument of Periapse @, (deg) 90 9deg

Semimajor AXis

Pre-launch studies® indicated ground track control could bc effectively provided by periodic removal
of accumulated semimajor axis decay caused by along-track forces due almost entirely to atmospheric drag.
The semimajor axis decay rate for this near-circular orbit was expected to depend primarily on the § 1-day
mean F10.7 solar flux.” At launch in August 1992, the mean solar flux was -1 25x 10" watts/m¥11z and has
stcadily declined as the minimum of solar cycle 22 approaches, currently expected in late 1996.

.2
da A - W, CoSi
e pC = up 1- 2e 2
dt Dm \[‘ [ n }

where p = atmospheric density, primarily a function solar flux
CD = satellite drag cocfficicnt
Alm= sate. llite area -to - mass ratio, varies with yaw control mode
1= central body gravitational constant 2)
a = Orbit mean semimajor axis

w,= earth rotation rate
i = orbit mean inclination

n= ;J&‘]Ec orbit mean motion
The semimajor axis decay rate induced by drag (Eq. 1) is primarily a function of (he solar flux level
and the satellite area-to-mass ratio (A/m). ‘1’ OPIIX/Poseidon uscs sinusoidal yaw steering and fixed yaw
control modes to maintain nadir pointing for altimetry and to keep the large 28 m? solar array (SA) pointed
near the sun for power management. While executing these attitude control strategies, the satellite area
projected in the along-track direction, and affecting drag, varies continuously between the extremes Of -9
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m’and -22 m’. Asa result, the A/m of the 2406-kg satellite varies between ~0.004 and --0.009 m¥kg. Fig.
5 shows the semimajor axis decay rate as afunction of the 81-day mean solar flux for these two A/m
extremes. For solar flux levels less [ban -125 experienced by TOPEX/Poscidon during the [hmc-year prime
mission, the decay rates duc to drag are generally low, varying between -1 and ~7 cm/day.

observed Semimajor AXis

Fig. 6 shows the mcan semimajor axis history after achieving the operational orbit in September 1992
until just after OMM8 on 22 May 1995. Each of the eight OMMS raised the semimajor axis above the
reference value (a,in Tablel) toreverse the satellite ground [rack westward and thereby remain within the
1 1-km control band (shown later in Fig. 20). This process requires maneuvers on the order of 3 to 4 mmy/s
applied in the along-track direction (note that dV/da = 0.466 mm/s per meter for this orbit).

The expected monotonic decay in semimajor axis was not always observed. Instead, the semimajor
axis sometimes increased, suggesting the presence of additional along-track forces, now confirmed to have
body-fixed origins.® Although a credible physical model for their behavior remains to be more fully
developed, these tmdy-fixed forces arise from the combined effects of solar radiation, thermal gradients,
and molecular outgassing, produced mostly by the large SA. These persistent forces cause cither orbital
boost or deboost, depending on the satellite yaw control mode.®

Shortly before launch, a plan was adopted to usc a pitch bias to off-point the SA from the solar-
normal to limit peak battery charge currents during each exit from earth occultation. The usc of a pitch bias
(currently 54 deg) cffectivel y regulates battery performance, but radiation forces normal to the SA are not
along the sunline as originally planned and reflected throughout operational navigation software. As a
result, sizable unplanned along-track forces accumulate; the magnitude and direction depend on the specific
yaw control mode. These body-fixed forces can either offset or add to the ever-present semimajor axis
decay induced by atmospheric drag. Estimates of these forces and an cffective prediction model were
nceded to more confidently monitor semimajor axis behavior and to maintain the satellite ground track.

Atmospheric Drag and Body-I'ixed Forces

The combined effects of atmospheric drag and the body-fixed forces on scmimajor axis have been
effectively estimated from daily quick-look orbit determination solutions based on precise laser ranging

measurcments.” A byproduct of this process is the total once/rcv along-track non-gravitational acceleration
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from which the totalrate of change in scmimajor axis can be casily computed. " Isolation of the tmdy-fixed
forces [hen requires removal of the drag contributions. The integrity of this process depends on the
accuracy of the atmospheric density model, and this always raises reasonable concern.  Operational
navigation tasks reported here were performed using the Jacchia-Roberts ™’ (JI<) density model. Drag
forces computed with the JR density model were favorably compared with those predicted by the Drag
Temperature Model (DTM), athough neither model reflects flight data at the TOPEX/Poscidon altitude.

The yaw steering period from 6 March to 24 April 1994, included in Fig. 6, shows the semimajor axis
generally exhibited the intuitive monotonic “drag-like” decay behavior; the net decay rate was-11.7
cm/day. Fig. 7 shows daily quick-look laser ranging estimates of the total rate of change in semimajor axis
duc to all non-gravitationa forces varies with tbc g’ angle,” varying between -10 and -15 cm/day. However,
the decay rate induced by atmospheric drag alone is much less, varying between -2 and -5 em/day for both
the JR and DTM density models, as the 81 -day mean solar flux steadily dropped from -100 to -80.
Removing the drag cffccts from the total orbital deboost rate provides estimates of the body-fixed
contribution. in this example, the body-fixed and drag-induced forces are of similar magnitude at lower
values of ', whereas the body-fixed forces dominate at higher §’, especially when the orbit isin full sun
(B’ >55.7 deg).

Fig. 8 presents the empirical model defining changes in mean semimajor axis induced by the body-
fixed forces. The model defines these changes in terms of polynomial functions of the g angle which has a
periodic variation of -112 days. The satellite executes sinusoidal yaw stecring outside the nominal limits of
-15< B’ < 15 deg; within these B’ limits fixed yaw modes are used. A 180-deg yaw flip mancuver near
B’= O deg keeps the SA on the satellite sunlit side.  Using these yaw control modes the body-fixed forces
cause cither orbital boost or deboost, either increasing or decreasing the mean semimajor axis. Sometimes
the body-fixed forces add to the ever-present decay duc to drag, and sometimes they offsct the effects of
drag. In either case, the net effects on the semimajor axis and satellite ground track must be determined by

dynamically summing these individual forces.

. 2. . .o .
.An dong-track acceleration of orie nanometer/sec” induces a rate of change in semimajor axis of -18.5 cm/day.

B’ is the angle between the orbit plane and the geocentric direction to the sun.
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Over the course of the mission, Richter™" has evolved theoretical models of the body-fixed forces for
each yaw control mode based on cstimates Of” satellite surface properties and inflight temperature
measurcments.  Differences between the theoretical models and observations arc currently most notable
during yaw stecring, especialy while transitioning to and from full sun when SA curling responses induced
by the.rmal imbalances arc believed to be the primary contiibutors to the observed along-track forces.
Ongoing modeling improvements may eventually permit their operational usc in place of the rnorc complex
and tedious empirical techniques currently required. Such improvements may simplify flight operations
and eventually alow more confident isolation of drag contributions that could lead to improved density
models.

Effect of Body-Fixed Forceson Mean Semimajor Axis and the Satellite Ground Track

The effect of the body-fixed forces on the scinimajor axis and satellite ground track were assessed
during March 1994 (when B’ O) by comparing two precision integrated trajectories, one with al known
force models active, the other with only the body-fixed forces turned off. Fig. 9 shows the resulting
semimajor axis values; Fig. 10 then isolates these effects oiithe ground track. When all force models arc
active, the semimajor axis first exhibits boost, followed by a sustained period of deboost at a nearly-linear
rate of -11.7 cm/day. When the body-fixed forces are rc.moved the overall deboost rate drops substantially
to only -4.3 cm/day. This remaining force is attributed to just atmospheric drag. Earlier (+ig. 7), the decay
rates duc to drag wereestimated analytically for both the JR and DTM density models based on daily solar
flux observations. These results arc aso shown in Fig. 9 for direct comparison with the two semimajor axis
deboost trends. The decay duc to drag drops from -5 to -3 cm/day as the 8 |-day mean solar flux drops
from -100 to ~80 during the comparison period. The average value of-4 cm/day agrees favorably with the
drag effects estimated from the slope of the semimajor axis, confirming that body-fixed forces and
atmospheric drag arc the primary sources of observed semimajor axis decay.

Changes in the satellite ground track duc to the bodj-fixed forcesarc shown in Fig. 10 in terms of
equatoria longitude differences. The comparison starts during a fixed yaw mode when the body-fixed
forces induce an orbital boost rate of -20 cm/day. When thic satellite resumes yaw steering, the body-fixed
forces abruptly change in both magnitude and direction, initidly causing asemimajor axis deboost rate of
~5 cm/day, gradually increasing to -10 cm/day as the B angle increases.  When these body-fixed forces arc
turned off, the orbital boost forces active at the beginning of the prediction interval cause the ground track
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to initialy drift eastward. After resuming yaw steering, the accumulated cffectof removing the deboost
forces causes the ground track to drift increasingly westward. For this example, the net integrated effect on
the satellite ground track becornes significant: -120 micters in equatorial iongitude after 30 days.

Effect of Solar Radiation Pressure on the Mean Semimajor AXis

Solar radiation pressure has only modest effects on the semimajor axis and ground track because its
in flucnce averages to near-z,cro when the orbit isin full sun (B’ > 55.7deg); the net effect during occultation
periods is quite small compared to other perturbing forces. While of secondary interest in this ground track
control problem, the effects of solar radiation pressure have been included for completeness. Fig. 11 shows
the change in semimajor axis for the six-month period beginning on 1 March 1994. Computed daily,
differcnces in the mean semimajor axis exhibit periodic behavior with peak amplitudes less than+15 cm.
The smallest errors occur during peak 8 when the orbit isin full sun; the maximum errors occur near '= O
when the occultation intervals arc longest.

Inclination

The mean inclination angle for the TOPEX/Poseidon reference orbit (Table 1) isadirect byproduct of
the orbit and ground track design process described earlier. To maintain the repeating orbit and verification
siteoverflights, it iSnecessary that the inclination iemains very close to the reference value (ip in Table 1)
Pre-launch analyses® indicated that gravitational perturbations duc to the sun and moon cause periodic
variations in inclination, expected to vary +3.8 mdeg about the reference value. These analyses also
indicated that inclination variations arc negligible for non-gravitational perturbations such as solar radiation
pressure and atmospheric drag. The ground track targeting procedure absorbs these inclination variations
by suitably adjusting the mean semimajor axis to maintain the repeating ground track within 41 km, thereby
eliminating the need for inclination corrections during the timx-year prime. mission.

observed Variations of Inclination

Since first achieving the operational orbit in September 1992, the observed mean inclination has
exhibited the cxpected periodic variations about the reference value. During 1992, the peak amplitudes of
these variations were -3.3 mdeg and -t 3.0 mdeg; more recently these amplitudes have shifted Positively to
-2.7 mdeg and +3.7 mdeg. These variations arc a combination of severa clearly distinguishable periodic

components of 12, 58, and 173 days. There arc also very long periodic variations which have become
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noticeable after three years, but these amplitudes appear tobe quite small.  Pre-launch analyses indicated
that the major components arc duc to third-body gravitational perturbations. Table 3 lists the amplitude and
period of these perturbations. Fig. 12 shows that the inclination variation about the reference value
correlates very well with the §” angle, as dots the amplitude of the periodic components. The amplitudes are
higher when the orbit isin full sun (§” >55.7 deg), while the mean inclination is always greater than the
reference value during occultation periods.

Eight OMMS have been implemented since September 1992, These Small maneuvers (3 10 5 mmy/s),
applied in the along-track direction to raise semimajor axis above the reference value, have had a negligible
effect on the orbit inclination. Only unplanned cross-track components could affect inclination, but these
velocity magnitude errors arc extremely small (note that av/di =125 mm/s per mdeg applied normal to the
orbit plane).

Table 3. Periodic Inclination Variations due to the Sun and Moon Gravitational Perturbations

Perturbing FOrces Amplitudes (ndeg) Feriods Of Variation (days)

i 0.098 - 12.56
Lunar Gravity 1325 173.40
0542, 1172
027'1 86.70
""" T 0.354 K 88.93
0.660 173.30
Solar Gravity 0.582 3402.00

1.241 58.77 (half of B)
0.158 86.70

The observed or definitive inclination includes variations due to both modeled and unmodeled
perturbing forces.  The bebavior is predictable when unmodeled perturbations have a negligible effect.
Precision trajectory propagation software with all known models active was used to generate a Six-month

trgjectory beginning 1 March 1994. The predicted inclination was compared over this period with the
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definitive inclination defined by POD. Fig. 13 shows inclination diffcrences are quite small, indicating the
important models arc well known and the resulting inclination variations are predictable.

Perturbation Analyses

Fig. 13 established that the observed inclination variations arc predictable and attributable to known
modeled perturbations. A detailed analysis established the contributions of each perturbing force using
precision trajectory software to generate individual trajectories covering the. six-month period beginning 1
March 1994. Inclination variations duc to each perturbing force were determined by turning individua
models off and comparing the resulting trajectory parameters with the reference case with all models active.
The corresponding mean elements were differenced to isolate inclination variations.

Sun and Moon Gravitational Attraction

Pre-launch studies® assessed the effect of third-body gravitationai perturbations on the satellite ground
track from which the inclination variations were also cstablished. The initial analysis was conducted
analytically to determine the individual effects of the sun and moon and then verified using precision
integrated trgjectories.

The inclination variations due to lunar gravity arc dominated by the 173-day and 12-day periodic
components (Fig. 14, I'able 2). Howcever, closer inspection indicates that there arc also other significant
periodic variations. Analytical studics established the amplitudes and per iods of four distinct components;
two have amplitudes of -0.1 and -0.54 mdeg, with periods 12.6 and 11.7 days, respectively. These two
variations appear as a single perturbation in Fig. 14. The amplitude of the 1 73-day periodic component is
1.33 mdeg; the other periodic component has an 87-day period and a 0.3-mdeg amplitude.

There arc five significant periodic components in the inclination variation due to solar gravity. These
variations are synchronized with the B’ angle (tig. 14). The dominant component has an amplitude of 1.24
mdeg and a period of 58 days, about half the period of §. Onc component has a period of 173 days, -1.5
limes the §’ period, and an amplitude of 0.66 mdeg. Two components have. periods of -87 days, or about
three-quarters of the B’ period, with amplitudes 0.35 and 0.16 mdeg, respectively. The fifth component has
aperiod of 9.3 years with an amplitude of 0.58 mdeg. Theinfluence of this component bccamc evident only
afler two years of mission operations (Fig. 12).

The size and shape of inclination variations duc to both the sun and moon arc aimost identical to the

observed variations (¥igs. 12, 14), indicating these third body forces arc the primary source of inclination
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variations. Between March and August 1994, the mean inclination varied between -3 mdeg and + 3.5 mdeg
duc 10 third-body gravitational perturbations. The amplitude of these variations increascs with {3, as some of
the periodic variations increase when g’ is higher.

Effects of So[id Karth Tides and Solar Radiation Pressure

Thetidal forces induced by lunar and solar gravity cause small variations in inclination. However,
these variations become significant when considering the stringent TOPEX/Poseidon ground track control
requirements. The tidal effects arc amost an order of magnitude smaller than the third-body gravitational
perturbations, but the signature is amost identical and a strong function of the B’ angle. Fig. 15 shows the
magnitude of the tidal effects varies between -0.4 and +0.3 mdeg between March and August 1994.

The inclination variation duc to direct solar radiation pressure is very small, and for all practical
purposes may be neglected. However, these variations arc onl y afunction of the” angle, shown in Fig. 15
to increcasec with §’. 1 Iowever, during full-sun periods the variations remain constant; the magnitude is a
function of the peak B’. The period of variation (561059 days) is half the, p’ period; the amplitude was <
0.08 mdeg between March and August 1994,

Other Forces

The inclination variations duc to non-gravitational forces such as atmospheric drag and body-fixed
forces arc negligible. The rotating atmaosphere has some effect on inclination, but negligible compared to
variations induced by lunar and solar gravitational perturbations.

Effect of inclination Variations on the Ground Track

The deviation of inclination from the reference value affects the ground track in two ways. The
equatorial crossings slowly deviate due to variations in inclination. The nodal period is afunction of
inclination. A one-mdeg deviation in inclination changes equatoria crossings by -280 meters after a 30-
day ground track prediction. The mancuver targeting process accounts for inclination-induced variations
in ground track prediction and adjusts semimajor axis accordingly so that future nodal crossings remain
within the required + 1 -km control limit. This process requires predicting the ground track for several
months after each maneuver (e.g.,rig. 16). However, the signature of inclination variations is clearly

reflected in the ground track, particularly when the mean semimajor axisis within afcw meters of the
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reference value (a, in *1'able ). This circumstance reduces the ground track drift rate relative to the
reference track, nominally occurring as the ground track nears the western control boundary (e.g., Fig. 20).

The inclination error also affects the overflight accuracy of two verification sites which must be
maintained within + 1km. The latitudes of both verification sites arc --35 deg N: the NASA sitcis 011
Harvest Platform off Pt. Conception, Ca., the CNES site is near Lampedusa Island in the Mcditerrancan
Sea. The variations in inclination cause an offset in the verification site overflight even if there is no
difference between the actual and reference nodal crossings. The sensitivity of the site overflight longitude
to variationsin inclination is:

oL

== —sin¢, Cos’L /cos U,
where L = longitude of verification site with respect to the ascending node
u, = argument of latiwde (@ + f) )

sin ¢y, = sinuy, SiNi
¢, = latitude of the verification Site

For the CNES verification site, 91./8i = 74 m/mdeg.

Eccentricity Vector and the Frozen Orbit

Following launch on 10 August 1992, a Six-maneuver orbit acquisition sequence' lasting 42 days
placed TOPEX/Poseidon in the operational orbit (Table 1), including achieving frozen orbit conditions.
Usc of a frozen orbit limits variations in the argument of periapse and eccentricity, resulting in reduced
variability in orbital altitude for ecnhanced attimetry perf orni ance. Also, the frozen orbit clim inates the need
for dedicated maneuvers to maintain these eccentricity vector (e,w) parameters.

Frozen orbit conditions arc realized through the balancing of the secular perturbations of the even
zonal harmonics with the long-period perturbations of the odd zonal harmonics, 20 Physically, the frozen
orbit is typically attributed to the cancellation of J, perturbations duc to the carth’s oblateness. 2
Deviations from thisideal stcady statc lead to closed curves in the (e,w) phasc plane. These curves can
remain nearly closed even under the influence of non-gravitational perturbations such as drag and solar
radiation pressure, For most frozen orbits, including TOPEX/Poseidon, the periapse is frozen at 90 deg,*
and the eccentricity is very low (< 190 ppm).

The cccentricit y vector conditions achieved by the orbit acquisit ion sequence were ¢ = 142.9 ppm and

o = 90.6 deg, compared to target values of e, = 95 ppm and w, = 90 deg (' 1'able 1). The closed eccentricity
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vector contour shown in Fig. 1'? describes the expected behavior when perturbed only by 2 20x20 gravity
ficld. This contour moves counterclockwise about the design point @ = 90 deg and has a period of 26.74
months.? Observed values of (e,w) shown in Fig. 17 have been separated into groups following each
OMM. While these groups generally follow the expected counterclock wise movement of the frozen orbit, it
is otherwise difficult to observe more detailed features which may bc caused by each OMM, or attributable
to perturbations other than earth gravity.

The achicved mean eccentricity and argument of periapse are compared over time With the expected
frozen values in Figs. 18(a) and (b), respectively. This examination reveals how the OMMS have affected
the observed e and o variations.  Fig. 18(a) shows the observed mean eccentricity deviates from the
origina predicted frozen values. However, when the frozen predictions arc updated following each OMM
using current estimates of e and w, the agreement with observations is considerably better. The same
genera behavior is cvident for the argument of periapse (AOP) shown in Fig. 18(Db).

The maximum deviations of the observed (e, w) values from the updated frozen predictions correlate
very wc]] with 8 angle variations, as shown in Figs.18(a,b). During periods of peak 3 when the orbit isin
full sun, the observed mean cccentricity is always less than the frozen value (8’ > O); this [rend rcverses
when B’ < 0. This behavior is caused by solar radiation pressure, as shown in Fig. 19 for the six-month
period beginning 1 March 1994. For the three ” cyclesincluded in this sample comparison, the mean
eccentricity difference exhibits the same p’-dependent behavior.  The argument of periapse exhibits
maximum deviations from the updated frozen values near B* = O when solar radiation pressure has the
greatest effect during the longest earth occultation intervals.

The frozen orbit has been maintained throughout the three-year prime mission without requiring
dedicated mancuvers. However, every effort has been made to not increasc the mean eccentricity when
performing each OMM. While maneuver burns arc constrained to occur overland to limit altimetry outages
which could result from possible attitude disturbances, locations near an orbit node (usually mid-South
America) have allowed mean eccentricity to be slightly reduced, or to remain unchanged. The two
exceptions were following OMM4 and OMMS executed near orbit periapse over northern Canada and
eastern Russig, respectively, to satisfy satellite pointing constraints during turns to the burn attitude. These

two maneuvers increased the post-maneuver values of the mean eccentricity, as shown in Fig, 18(a).
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Variations in cccentricity (Ac) aso affect equatorial crossings of thie satellite ground track through
variations in true anomaly (Af). For a near-circular orbit Af = 2Ae sinM, where M is the mean anomaly."” A
typical eccentricity error of -10 ppm would cause a maximum Af =2x 10”°radians, equivalenttoa
cqualtoriat crossing timing crmr At = Af/n =22 ms. The amplitude of the con csponding equatorial longitude
eror Ai=w,At~ 10 m. Thislongitude error systematically oscillates with expected variationsin the
argument of periapse.

Ground Track History

As of 30 August 199S the satellite had completed 13,725 orbits since first achieving the operational
orbit on 23 September 1992.  Of this total, only 95 ascending noda crossings (- 0.7%, compared to 5%
requirement) have been outside the 4 1-km ground track control band, and these violations were voluntary to
provide additional analysistime to better character-izc the behavior of the body-fixed forces before
exccuting OMM 10n 12 October 1992. Seven additional OMMs have been exccuted since then, each
designed to provide the maximum practical spacing between mancuvers. As can be seen from Fig. 20, the
spacings have generally increased, with the spacing between OMM7 and OMMS being the largest at 228
days. Maneuver spacing and placement have sometimes been enhanced by modifying the nominal g angle
limits governing entry into and out of the fixed yaw modes.’“ Thisstrategy utilizes the large body-fixed
forces during fixed yaw to ater the duration of orbital boost or deboost forces to slowly adjust the mean
semimajor axis as nceded to refine ground track motion.

Each maneuver has been executed as the ground track approaches the eastern control boundary after
the mean semimajor axis had dccaycd below the rcference value (see Fig. 6). The nomina strategy has
been to exccute each OMM at the next-to-last cycle boundary before the ground track would exit the castern
control boundary. This conservative practice provides an OMM backup opportunity still inside the control
band, if for any reason the nominal maneuver dots not occur as planned.

Distinct and important fcatures in the ground track behavior are the oscillations during the western-
most travel between each OMM. The precise nature of these oscillat ions depends on the complex
combination of time-dcpendent influences of lunar and solar gravity, atmospheric drag, body-fixed forces,
and the current value of the mean secmimajor axis. Thelunar and solar gravity influences become most

prominent when the ground track drift rate slows when the nican semimajor axis is within a few meters of
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the reference value. Under these conditions third-body gravity forcestend [o dominate ground track
behavior, causing periodic oscillations without significant net drift. This behavior iS most prominent under
low-drag conditions (F10.7 = 8(1), whereas the effect of third-body perturbations on the ground track can be
somewhat masked when the drag level is higher (F10.7 > 200).

Summary

The I’ OPEX/Poseidon operational orbit and resulting ground track behavior have been analyzed and
explained. All control requircments have been met or surpassed. In particular, the operational orbit
determination support provided by the GSFC/FDY using tracking data acquired via TDRSS surpasses
requirements, duc primarily to improved earth gravity modeling accuracy not reflected in pre-launch
planning ~1'able 4). Mean orbital elements computed from FDF orbit determination solutions agree very
welt with values independently obtained from precision orbit determination results. These mean clements
were very accurately computed (Table 2) and demonstrated excellent stability. The three most important
orbital parameters arc the scmimgjor axis, inclination, and the eccentricity vector (e,w). The analysis
showed how semimajor axis must be adjusted to maintain ground track control, whereas the inclination and
eceentricity vector do not require corrections.

Table 4. Comparison of Achieved Mean Element Accuracies with Pre-launch Requirements

Orbital Reference 36 Orbit Determination Achieved

Parameters Valucs Requirements oD Accuracies

Semimajor AXis a, (km) 771442938 1 meter ~<5em
inclination i, (deg) 66.0408 | mdeg <1 pdeg
Eccentricity e, (ppm) 95 10 ppm -0.01 ppm
Argument Of Latitude at Node o, + f (deg) 0 5 mdeg < 1 mdeg

(o> 4f) isthe argument of latitude, the sum of the argument of periapse and the true anoraaly

The semimajor axis changes arc caused by aong-track forces induced primarily by the combined
effects of atmospheric drag and body-fixed forces. Atmospheric drag always causes semimajor axis decay,
the rate mostly depends on the 81-day mean Fio.7 solar flux. The body-fixed forces can induce either boost
or deboost in semimajor axis, the magnitude and direction depends on the satellite yaw control mode which

systematically varies with the B angle. Isolation of the. drag contributions to semimajor axis behavior
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would permit reconstruction of atmospheric density from which improved density modeling might be
feasible. lowever, confident separation of semimajor axis behavior into distinct contributions duc to drag
and body -fixced forces is prohibitive since both arise from aong-track forces. Unfortunately, these forces
cannot be separated without making certain assumptions about each force. It was shown that two
representative density models, the JR and the DTM, provide consistent results. However, this result dots
not imply that either model iscorrect. The density modeling differences arc of the same order as the
estimation accuracy of the total once/rcv non-gravitational accelerations provided by accurate quick-look
laser-based orbit determination (-5 cm rms, radia position).” Since the total along-track accelerations arc
very small (on the order of onc nanometer/s’), opportunities for estimation accuracy improvements may be
limited without adding tracking measurements with higher information content.* Also, it may become
possible to improve the prediction model of the body -fixed forces as the understanding of the physical
behavior improves.

The orbit inclination and eccentricity vector parameters have. behaved as expected, and arc expected
to behave similarly during the three-year extended mission. The inclination exhibits periodic variations of
13.8 mdeg about the reference value duc almost entirely 1o lunar and solar gravitational perturbations.
These deterministic perturbations have a significant effect on the satellite ground track, but arc easily
compensated for when adjusting the scmimajor axis to control the ground track. The eccentricity vector
provides a frozen orbit, limiting variations in the eccentricity and argument of periapse. Analysis showed
distinct, albeit small, changes in eccentricity when OMMS were executed, even though the maneuver
magnitudes were only 3 to 5 mm/s. Also, eccentricity variations on the order of 120 ppm were observed
during orbit full sun (8’ > 55.7 deg) duc to solar radiation pressure.

Future orbit and ground track maintenance activit ics arc expected to continue as before for the
remainder of the TOPEX/Posecidon mission lifetime. Should the satellite remain operational for several
more years, expected increascs in solar activity as solar cycle 23 begins in early 1997 will increase the
importance of atmospheric drag. As aresult, the spacing between maneuvers will be more frequent,
possibly as often as once every two to three months, compared to about twice annually during the current

period of low solar activity.

t Recently, dara acquired via the Global Positioning System (GPS) have been combined

with laser data to fill coverage gaps, improving overal orbit determination accuracy.
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